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E-mail address: yohsumi@iri.titech.ac.jp (Y. OhsumAutophagy is a system for degradation of bulk cellular components in lytic compartments, vacuoles,
or lysosomes when eukaryotic cells face with nutrient starvation. In this review, we focus on the
pre-autophagosomal structure (PAS), a functional entity responsible for autophagosome formation
in Saccharomyces cerevisiae, and discuss its relevance to autophagy in mammalian cells.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Autophagy is a system for degradation of bulk cellular compo-
nents in lytic compartments, vacuoles, or lysosomes when eukary-
otic cells face with nutrient starvation. Since the phenomenon of
autophagy was discovered in mammals, autophagy has been stud-
ied mostly by electron microscopy. In the early 1990s, a method to
monitor autophagy by light microscopy was established in the uni-
cellular eukaryote, Saccharomyces cerevisiae [1]. Using S. cerevisiae
as a model organism, the process of autophagy has subsequently
been investigated in detail [2] (Fig. 1). Upon starvation, a double-
membrane sac called an isolation membrane emerges in the cyto-
plasm. The isolation membrane expands and its leading edges fuse
with each other to complete autophagosome formation. The outer
membranes of the autophagosomes ultimately fuse with the vacu-
ole and the cellular components enclosed by the inner membranes
are released into the vacuolar lumen as autophagic bodies. Finally,
the autophagic bodies are disintegrated and their contents are de-
graded by vacuolar hydrolases. Taking advantage of yeast genetics,
genes involved in autophagy have been identiﬁed and analyzed by
molecular biological and biochemical techniques. However, it has
remained unclear how and where autophagosomes are generated.
In this review, we focus on the pre-autophagosomal structure
(PAS), a functional entity responsible for autophagosome forma-
tion in S. cerevisiae, and discuss its relevance to autophagy in mam-
malian cells.chemical Societies. Published by E
i).2. Autophagy-related (ATG) genes
The most critical step in autophagy is the sequestration of con-
tents to be degraded by an autophagosome. The autophagosome is
a unique organelle bound by double lipid-bilayers. When eukary-
otic cells are faced with nutrient starvation, autophagosomes are
generated in the cytosol and enclose bulk cytoplasmic components
for degradation. Using yeast genetics, a number of apg (autophagy)
and aut (autophagocytosis) mutants defective in autophagy were
identiﬁed [3,4]. In parallel, mutants defective in the transport of
aminopeptidase I (Ape1) to the vacuole were isolated as cvt (cyto-
plasm-to-vacuole targeting) mutants [5]. Subsequent analysis
revealed that the APG, AUT, and CVT genes largely overlap [6,7].
Recently, the apg, aut, cvt, and other genes essential for selective
organelle degradation have been uniﬁed as ATG (autophagy-
related) to avoid confusion [8].
In the Cvt pathway, Ape1 is selectively transported to the vacu-
ole under nutrient-rich conditions; in contrast, bulk cytoplasmic
materials are non-selectively transported to the vacuole by
autophagy under starvation conditions. Electron microscopy pro-
vided clues to the genetic overlap of these pathways (Fig. 1).
Ape1 assembles into a large complex, called the Cvt complex, in
the cytoplasm; this complex is subsequently sequestered into a
double-membrane-bound vesicle termed a Cvt vesicle [9]. The
Cvt vesicle fuses with the vacuole and the inner membrane-bound
Cvt body is released into the vacuolar lumen [10]. These processes
are essentially analogous with processes in the autophagic path-
way; the exception is that Cvt vesicles are about 150 nm in diam-
eter whereas autophagosomes are 400–900 nm in diameter. Inlsevier B.V. All rights reserved.
Fig. 1. A model for the function of the PAS in autophagy and the Cvt pathway. Under nutrient-rich conditions, the autophagosome-generating machinery known as the pre-
autophagosomal structure (PAS) acts in the Cvt pathway (left), which selectively transports the Cvt complex mainly containing aminopeptidase I (Ape1) to the vacuole. On the
other hand, when cells face nutrient-starvation, autophagy delivers cytoplasmic components to the vacuole to be degraded (right). These pathways proceed through
mechanistically common steps: (a) generation of isolation membranes around a Cvt complex; (b) expansion of the isolation membrane and completion of Cvt vesicle/
autophagosome formation; (c) fusion of the outer membrane of the Cvt vesicle/autophagosome with the vacuolar membrane; (d) subsequent release of Cvt/autophagic
bodies, whose membranes are derived from the inner membranes of Cvt vesicles/autophagosomes; and (e) disintegration of the Cvt/autophagic body. Cvt vesicles (about
150 nm in diameter) and autophagosomes (400–900 nm in diameter) are distinguishable by their sizes and contents.
Fig. 2. Atg proteins required for various types of autophagy. ‘Core’ Atg proteins,
which act in membrane biogenesis, are listed in the center circle. Several groups of
Atg proteins are additionally required to specify the mode of autophagy; so-called
autophagy, the Cvt pathway, pexophagy, and mitophagy. Atg11 is a common factor
required for various types of selective autophagy.
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[9]; thus, Ape1 has been shown to be selectively enclosed in
autophagosomes.
A subset of the Atg proteins is required for all types of autoph-
agy. These Atg proteins are thought to be essential for the mem-
brane biogenesis of Cvt vesicles and autophagosomes [6,7], and
they are referred to as ‘core’ Atg proteins [11] (Fig. 2). ‘Speciﬁc’
Atg proteins modulate the function of the core Atg proteins and
act in each type of autophagy. For example, Atg17, Atg29, and
Atg31 are speciﬁc factors for starvation-induced autophagy [12–
15], which we hereafter refer to simply as autophagy. Atg11 and
Atg19 are dispensable for autophagy but are crucial for the Cvt
pathway and play a role in targeting Ape1 to Cvt vesicles and auto-
phagosomes [16–20]. Atg11 is also required for peroxisome degra-
dation (called pexophagy) and mitochondrial degradation (called
mitophagy) [16,21]. Recently, Atg32 and Atg33 were identiﬁed as
mitophagy-speciﬁc Atg proteins [22–24]. In the following sections,
we focus on the Atg proteins required for autophagy.
3. Atg proteins function during autophagosome formation
Atg proteins required for autophagosome formation are catego-
rized into several subgroups (reviewed in [25]): the Atg1–Atg13
complex [26], the Atg17–Atg29–Atg31 complex [27], Atg9 [28],
the phosphatidylinositol 3 kinase complex speciﬁcally required
for autophagosome formation (PtdIns(3) kinase complex I) [29],
the Atg2–Atg18 complex [30], the Atg12 system [31], and the
Atg8 system [32,33].
In the yeast, Sacchromyces cerevisiae, two PtdIns(3) kinase com-
plexes are known [29]. One is speciﬁcally required for autophago-some formation (complex I) and the other is speciﬁcally required
for the vacuolar protein sorting (VPS) pathway (complex II).
ig. 3. Hierarchy diagram of Atg proteins. The Atg proteins/complexes are recruited
the PAS on the basis of this hierarchy. The Atg17–Atg29–Atg31 complex behaves
s a scaffold for PAS organization. Solid lines are physical interactions described
lsewhere. Dotted lines are genetically suggested interactions that have not yet
een physically validated. The PtdIns(3) kinase complex includes Vps15, Vps30/
tg6, Vps34, and Atg14. The Atg12 system consists of Atg12, Atg7, Atg10, Atg5, and
tg16. The Atg8 system is composed of Atg8, Atg4, Atg7, and Atg3. Atg7 is involved
both systems.
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Atg14. Atg14 is thought to be a suitable marker protein for moni-
toring the localization of the PtdIns(3) kinase complex I [34]. In
complex II, Vps38 is included instead of Atg14.
Atg8 and Atg12 are ubiquitin-like proteins. Atg12 is activated
by Atg7 (an E1-like protein) [35] and conjugated to Atg5 by
Atg10 (an E2-like protein) [36] to generate the Atg12–Atg5 conju-
gate. This conjugate associates with Atg16 to organize the Atg16–
Atg5–Atg12 dimeric complex [37,38]. Atg8 is conjugated to the
phospholipid phosphatidylethanolamine (Atg8–PE) by serial reac-
tions of Atg4 (an Atg8 processing enzyme), Atg7 (an E1-like pro-
tein), Atg3 (an E2-like protein), and Atg12–Atg5 (an E3-like
conjugate) [39]. The two products of the conjugation systems,
the Atg16–Atg5–Atg12 complex and Atg8–PE, are necessary for
autophagosome generation.
4. Identiﬁcation of the pre-autophagosomal structure (PAS)
We can easily imagine that indiscriminate autophagy would be
catastrophic; therefore, autophagosome formation must be strin-
gently and spatiotemporally regulated. How and where auto-
phagosomes are generated in living cells has been a fundamental
question for the ﬁeld. In the face of nutrient starvation, the
machinery for autophagosome formation must be assembled
and/or activated in order to form autophagosomes. Electron and
immunoﬂuorescence microscopy using Atg8 as a marker showed
that Atg8 is localized to isolation membranes, mature autophago-
somes, and autophagic bodies [40]. GFP–Atg8 also labels these
autophagic structures and further enables the monitoring of
autophagy as GFP ﬂuorescence in the vacuolar lumen in living cells
[41]. Under nutrient-rich conditions, GFP–Atg8 is detected as a dot
structure proximal to the vacuole, and the dot is still observable in
the some atg disruptants [41], suggesting that this dot structure is
autophagy-related but is not an autophagosome. We analyzed the
colocalization of Atg8 and Atg1, Atg2, Atg5 and Atg16 by ﬂuores-
cence microscopy; this analysis clariﬁed that these Atg proteins
are at least partially colocalized with Atg8 at the dot structure.
Time-lapse microscopy demonstrated that the dot structure plays
a central role in autophagosome formation; thus, it is named the
pre-autophagosomal structure (PAS) [41]. During autophagosome
formation, the ﬂuorescence intensity of the PAS labeled by GFP–
Atg8 oscillates with about 10-min duration [42,43], reﬂecting
translocation of GFP–Atg8 from the PAS to autophagosomes.5. Hierarchical organization model of the PAS
We have visualized almost all of the Atg proteins in S. cerevisiae
under ﬂuorescence microscopy [44]. Systematic disruption of each
ATG gene and morphometric analysis clariﬁed the interrelation-
ships of Atg protein assembly at the PAS (Fig. 3). Under autoph-
agy-inducing conditions, localization of Atg proteins at the PAS is
severely impaired in the absence of Atg17, suggesting that Atg17
acts as a scaffold for downstream Atg protein assembly at the
PAS. PAS localization of Atg1 depends on Atg13; this is consistent
with a biochemical result that shows Atg13 is required for binding
of Atg1–Atg17 [13]. Atg13 is also responsible for Atg14 recruitment
to the PAS, suggesting that Atg13 physically interacts with the
PtdIns(3) kinase complex I.
Atg9 is the sole integral membrane protein among the core Atg
proteins [28]. Microscopic analyses have shown that Atg9–GFP is
localized both to the PAS and to a few dozen dot structures moving
around the cytoplasm [45]. The PAS localization of Atg9 is partially
defective in atg11D and atg17D cells, and is abolished in the atg11
Datg17D double disruptant [44], suggesting that Atg9 associates
with both Atg11 and Atg17. Indeed, Atg9 physically interacts withF
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inAtg11 and Atg17 via its N-terminal regions, and the interactions
with Atg11 and Atg17 are required for the Cvt pathway and
autophagy, respectively, by targeting Atg9 to the PAS [45–47].
Atg9 is proposed to cycle between the cytoplasmic pool and the
PAS during Cvt vesicle/autophagosome formation [48], and it is
an attractive hypothesis that Atg9 supplies lipids or membranes
from the cytoplasmic pool to the PAS through its cycling. Electron
microscopy shows that Atg9 is localized to membranous structures
surrounding the Cvt complex in atg1D cells [49]. Analysis of the
localization of Atg9 on the expanding isolation membrane will pro-
vide clues to the membrane sources of Cvt vesicles and
autophagosomes.
PtdIns(3) kinase complex I is localized to the PAS, indicating
that PtdIns(3)P required for autophagosome formation is produced
at the PAS. PtdIns(3)P is localized to the inner surface of auto-
phagosomes and autophagic bodies [50]. Atg18 was identiﬁed as
a phosphoinositide binding protein [51,52]. An atg18 mutant un-
able to bind to phosphoinositide (Atg18FTTG) forms a complex with
Atg2, as normal, but does not localize to the PAS, resulting in insuf-
ﬁcient autophagic activity [30]. The Atg2–Atg18 complex is thus
the most plausible functional unit acting as an effector of
PtdIns(3)P. The Atg16–Atg5–Atg12 complex is another candidate
effector of PtdIns(3)P in our hierarchy (Fig. 3). However, to date,
there is no evidence for a direct interaction between PtdIns(3)P
and the Atg16–Atg5–Atg12 complex.
The Atg12–Atg5 conjugate shows an E3-like activity in conjuga-
tion of Atg8 to PE in vitro, whereas no further acceleration is ob-
served by the addition of Atg16 [39]. It is probable that Atg16
instead acts to target the Atg12–Atg5 conjugate to the PAS in vivo.
In fact, PAS localization of the Atg12–Atg5 conjugate is abolished in
the absence of Atg16 [41,44]. Atg8–PE is located most downstream
in our hierarchy. The mechanisms of Atg8–PE retention to the PAS
are largely unknown. One possible explanation is that Atg8 is pro-
duced at the PAS, as the Atg16–Atg5–Atg12 complex (an E3-like
protein complex) is localized there. Analysis of the localization of
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stream Atg proteins, Atg8–PE fails to localize to the PAS. Atg8–PE
may interact with upstream Atg proteins and/or membrane struc-
tures produced by the upstream Atg proteins.
6. Two modes of the PAS under autophagy-inducing conditions
Under nutrient-rich conditions, Atg11 is proposed to constitu-
tively act as a scaffold for PAS organization in the Cvt pathway
[53], whereas Atg17 is dispensable [12,13]. Under starvation condi-
tions, the activity of autophagy largely depends on Atg17 [12,13].
Even in the absence of Atg17, small and abnormal autophagosomes
are generated [12,13], resulting in signiﬁcant amounts of GFP–Atg8
localizing to the PAS and being transported to the vacuole during
autophagy [44]. This remaining GFP–Atg8 transport depends on
Atg11; double disruption of ATG11 and ATG17 leads to a severe syn-
ergistic defect in GFP–Atg8 transport to the vacuole [44]. We con-
clude that both Atg11 and Atg17 act as scaffolds for PAS
organization under starvation conditions. By using atg11D cells to
eliminate the Atg11-dependent PAS, formation of the Atg17-depen-
dent PAS, termed the autophagy-speciﬁc PAS, can be monitored
[54]. The Atg11-dependent PAS and the autophagy-speciﬁc PAS
are genetically separable but exist as one functional entity in
wild-type yeast cells. The Atg11-dependent PAS is organizedmostly
for selective autophagy, including Ape1 transport, whereas the
autophagy-speciﬁc PAS acts in nonselective autophagy. Recent
studies showed that the Atg1–Atg13 and Atg17–Atg29–Atg31 com-
plexes are crucial for the organization of the autophagy-speciﬁc PAS
[27,54].
In wild-type yeast cells, Ape1 has been used as a PAS marker for
ﬂuorescence microscopy studies. In principle, this is inappropriate,
as Ape1 is just a cargo. In fact, careful observation of Ape1 and
Atg14 shows that their localization is slightly different [34]. Under
nutrient-rich conditions, Atg11 is a useful marker of the PAS [55].
As far as we know, the most suitable markers of the autophagy-
speciﬁc PAS are components of the autophagy-speciﬁc PAS scaffold
(Atg1, Atg13, Atg17, Atg29, and Atg31). Among these proteins,
Atg1–GFP is less suitable, since it may localize to isolation mem-
branes and autophagosomes in addition to the PAS [56].7. Hierarchy of Atg proteins in mammalian cells
A majority of the core ATG genes are conserved in almost all
eukaryotes. Conservation of the two ubiquitin-like conjugation
systems was the ﬁrst to be demonstrated in mammals [57–59].
ULK1/2 (mAtg1), mAtg13, FIP200, mAtg9, the class III PtdIns(3) ki-
nase complex I (mVps15, mVps34, Beclin 1/mVps30/mAtg6,
mAtg14), and WIPI-1 (mAtg18) have subsequently been reported;
these proteins/complexes cover a majority of the functional units
found in yeast. As far as we know, the hierarchy of mammalian
Atg proteins is fundamentally consistent with that of yeast.
In mammalian cells, isolation membranes can be recognized by
ﬂuorescence microscopy using the mammalian Atg16–Atg5–Atg12
complex as a marker [58,59]. This complex dissociates from the
isolation membrane immediately before or after autophagosome
formation has been completed [58]. ULK1/2 [60], mAtg13 [61,62],
FIP200 [60], and WIPI-1 [63] are exclusively localized to isolation
membranes. LC3 is well characterized as a marker localized to
autophagosomes as well as isolation membranes [57,58]. Similar
to yeast, at least two types of class III PtdIns(3) kinase complexes
containing Beclin 1/mAtg6 have been reported [64–66]. The class
III PtdIns(3) kinase complex I, containing mAtg14, is localized to
isolation membranes and the ER [65]. Under nutrient-rich condi-
tions, mAtg9 is localized to the trans-Golgi network and peripheral
endosomes [67]. Upon starvation, mAtg9 is partially colocalizedwith LC3 [63,68], but it is unclear whether mAtg9 is localized to
autophagosomes.
FIP200 was reported as a functional counterpart of Atg17 [60].
In FIP200 knock-out cells, autophagy is severely blocked, probably
because starvation-induced assembly of Atg proteins is deﬁcient:
ULK1/2, mAtg13, mAtg5, and LC3 are not recruited to isolation
membranes [60,61]. These facts suggest that FIP200 acts as a scaf-
fold for Atg protein organization in mammalian cells similar to
yeast Atg17.
mAtg13 is required for autophagy in mammalian cells
[61,62,69,70]. The characteristics of mAtg13 are similar to yeast
Atg13; mAtg13 forms a complex with ULK and FIP200 [62], and
mAtg13 mediates the interaction of ULK with FIP200 [61]. In
mAtg13 knock-down cells, localization of ULK1 to isolation mem-
branes is abolished [61]. Binding of mAtg13 and ULK1 is not af-
fected by starvation or rapamycin treatment [62], whereas Atg1
associates with Atg13 in response to these treatments in S. cerevi-
siae. Behavior of the ULK1–mAtg13 complex is different from that
of the Atg1–Atg13 complex in yeast in regard to the starvation/rap-
amycin response. Quite recently, Atg101 has been reported to
interact with mAtg13 [71,72]. Atg101 is included in the ULK1–
mAtg13–FIP200 complex and is localized to isolation membranes.
Atg101 is thought to bind to free mAtg13 and protect it from pro-
teasomal degradation [71]. In mAtg13-depleted cells, the ULK1–
mAtg13–Atg101–FIP200 complex is disassembled and Atg101 is
recovered as a monomer [72]. Atg101 is required for autophagy;
further investigation will clarify its precise function.
It is well-known that the PtdIns(3) kinase inhibitors Wortman-
nin and 3-methyladenine inhibit autophagy in mammalian cells
[73,74]. These treatments abolish the localization of mAtg5 to iso-
lation membranes [58], suggesting that the activity of PtdIns(3)P is
necessary for recruitment of the mammalian Atg16–Atg5–Atg12
complex to isolation membranes. Recently, a counterpart of
Atg14 was identiﬁed as an essential protein for autophagy [64–
66]. The lack of mAtg14 causes a defect in targeting the mamma-
lian Atg16–Atg5–Atg12 complex to isolation membranes [65], pos-
sibly leading to a defect in LC3 localization to isolation membranes
[65,66]. When PtdIns(3) kinase activity is inhibited by Wortman-
nin treatment, mAtg14 is still localized to autophagic membranes
[66], suggesting that localization of the class III PtdIns(3) kinase
complex I is independent of its kinase activity, whereas its activity
is required for recruiting downstream Atg proteins, such as the
mammalian Atg16–Atg5–Atg12 complex and LC3, to isolation
membranes.
Recently, a specialized PtdIns(3)P-rich ER region termed an
omegasome has been identiﬁed using DFCP1 (double FYVE do-
main-containing protein 1) as a marker [75]. Fluorescence micros-
copy demonstrated that omegasomes are closely localized outside
of isolation membranes. Further, the ultrastructure of omegasomes
is analyzed by three dimensional electron tomography; this ER-iso-
lation membrane complex is interconnected by a narrow mem-
brane extension [76,77]. This fact suggests the involvement of
the ER in autophagosome formation in mammalian cells. In yeast,
the perinuclear ER is associated with the vacuole at the nuclear-
vacuolar junction and the PAS is often localized there (our
unpublished observation). It is possible that the PAS and the ER
are associated. Although it is still unclear whether isolation mem-
branes and the ER are physically connected, membrane trafﬁcking
between ER and Golgi is important for autophagosome formation
[78].
As in yeast, mAtg12 is conjugated to mAtg5 and the conjugate
subsequently associates with mAtg16 [59]. These three proteins
are thought to be colocalized at isolation membranes [58,59]. In
mammals, Wortmannin or 3-methyladenine treatment inhibits
recruitment of the mammalian Atg16–Atg5–Atg12 complex to iso-
lation membranes [59,66]. Moreover, knock-out of mAtg14 abro-
Fig. 4. Model for PAS organization in response to nutrient conditions. Atg proteins are assembled by the function of Atg11 to form the Atg11-dependent PAS irrespective of
nutrient conditions. Upon starvation, the Atg17–Atg29–Atg31 complex is activated by binding to the Atg1–Atg13 complex, and organizes the autophagy-speciﬁc PAS. The
autophagy-speciﬁc PAS is rapidly disassembled by addition of nutrients.
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[65]. Therefore, a common characteristic of both yeast and mam-
malian cells is that the class III PtdIns(3) kinase complex I is
responsible for the localization of the Atg16–Atg5–Atg12 complex
to autophagic membranes. In yeast, Atg16 and Atg5 are mutually
required for targeting to the PAS [44]. This is also the case in mam-
malian cells [59,79].
Conjugation of LC3 with PE is necessary for its targeting to iso-
lation membranes [58,80,81]. ULK1/2 [61,69], mAtg13 [61,62,69],
FIP200 [60,61], the class III PtdIns(3) kinase complex I (mAtg14
[65,66]), the mammalian Atg16–Atg5–Atg12 complex [58,79],
and mAtg9 [68] are required for LC3 localization. The requirement
of the Atg2–Atg18 complex for localization of LC3 to isolation
membranes has not yet been determined. atg11D yeast cells are
available to monitor the autophagy-speciﬁc PAS; the autophagy-
speciﬁc PAS, which is labeled with the Atg1–Atg13 and Atg17–
Atg29–Atg31 complexes, emerges only upon starvation [54]. In
the case of mammalian cells, isolation membranes, which are la-
beled with the ULK1–mAtg13–FIP200 complex, appear only during
autophagy. This fact prompts us to hypothesize that isolation
membranes in mammalian cells morphologically resem those in
yeast but have a function that corresponds to the autophagy-spe-
ciﬁc PAS as well. [54]. If mammalian cells correspond to yeast
atg11D cells, FIP200 would label autophagy-related structures/
membranes corresponding to the PAS in cells defective in mAtg2,
mAtg9, or mAtg14.8. Induction of autophagy by organizing the PAS scaffold upon
starvation
In yeast, TORC1 directly phosphorylates Atg13 to inhibit
autophagy under nutrient-rich conditions [82]. Atg1 is a Ser/Thr
protein kinase that phosphorylates itself [83]; the signiﬁcance of
autophosphorylation is still unclear. Upon starvation, Atg13 is
dephosphorylated and binds to Atg1, forming the Atg1–Atg13
complex [26]. This interaction strongly enhances the kinase activ-
ity of Atg1, leading to autophagosome formation [26]. Initiation of
autophagy is regulated in mammals in a similar way. TORC1 phos-
phorylates mAtg13 and ULK under nutrient-rich conditions and
negatively regulates the kinase activity of ULK [61,62,69]. mAtg13
is partially dephosphorylated in response to starvation [62] and
positively regulates ULK activity [69]. ULK1, mAtg13, and FIP200
form a protein complex of over 1 M Da [61,62]. TORC1 associates
with the ULK1–mAtg13–FIP200 complex under nutrient-rich con-
ditions and dissociates from the complex in response to starvation
[62]; the association/dissociation of TORC1 with the ULK1–
mAtg13–FIP200 complex presumably regulates ULK1 activity by
modifying the phosphorylation status of mAtg13 [60].Determination of the site of PAS organization is the most funda-
mental question remaining to be solved. In the case of yeast, the
mechanisms depend on the mode of autophagy. Under nutrient-
rich conditions, the cargo-receptor complex plays a major role in
Atg11-dependent PAS formation. Upon starvation, the Atg1–
Atg13 complex associates with the Atg17–Atg29–Atg31 complex
to trigger autophagy-speciﬁc PAS organization (Fig. 4), which does
not require Atg11 [54]. By interacting with the Atg1–Atg13 com-
plex, the Atg17–Atg29–Atg31 complex organizes a scaffold for
the autophagy-speciﬁc PAS [54]. However, it remains to be eluci-
dated how the scaffold complex determines the location at which
it assembles.
9. Future directions
Since we identiﬁed the PAS, ﬂuorescence microscopy has been
the only way to analyze the structure. At present, we cannot distin-
guish the PAS and isolation membranes as both structures are de-
tected just as dots under a ﬂuorescence microscope. To understand
the mechanisms of autophagosome formation, the next step we
must undertake is to discriminate the isolation membrane from
the PAS. Improvement of spatiotemporal resolution of ﬂuorescence
microscopy is a possible way to overcome this limit. The morpho-
logical and biochemical analysis of isolation membranes will en-
able us to analyze various aspects of the isolation membrane
dynamics: how it expands, how its outer and inner membranes dif-
ferentiate, and how its curvature and diameter are determined.
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